INTRODUCTION
Polymerases are extremely rapid and processive enzymes capable of synthesizing >50 000 nt at 500 nt/s from a single priming event. This processivity is not, however, an intrinsic property of the polymerase, but results from the combined action of distinct accessory proteins which together with the polymerase form a holoenzyme. These accessory factors consist of a sliding clamp [β protein in Escherichia coli, gp45 protein in T4 phage and proliferating cell nuclear antigen (PCNA) in eukaryotes] which tethers the polymerase to the template during DNA synthesis, and a clamp loader complex [γ complex in E.coli, gp 44/62 complex in T4 phage and Replication Factor C (RFC) in eukaryotes] which assembles the clamp onto a primer-template junction (1) (2) (3) (4) (5) (6) (7) (8) (9) .
In the past few years great strides have been made in the assignment of critical functions to the eukaryotic clamp loader complex, RFC. Nucleic acids encoding each of the four small and the single large RFC protein subunits have been cloned from human (p140, p40, p38, p37 and p36) and yeast (RFC1-5) (10) (11) (12) (13) (14) (15) . Each of the subunits possesses regions of highly conserved sequences (termed RFC boxes II-VIII) which share homology to the prokaryotic clamp loaders (15) . These boxes are between 3 and 16 amino acids in length and are clustered within the N-terminal portion of the small subunits, but are centrally located in the large subunit. The large subunit of RFC (lsRFC) also possesses an N-terminal sequence, RFC Box I, that is not shared by the smaller subunits or prokaryotic counterparts, but is highly conserved between all eukaryotic species sequenced. This region of the large subunit shares homology to several DNA ligases and human poly(ADP-ribose) polymerase (PARP).
Two separate DNA binding domains have been identified within the large subunit of RFC. One domain lies within the C-terminal half of the large subunit and is specific for primertemplate DNA structures. This domain is sufficient for loading of PCNA onto primed DNA in vitro (16) . The second domain has been mapped to the N-terminal half of the large subunit in mice, humans and Drosophila, and contains the conserved RFC Box I ligase homology region (17, 18) . Mutations within the N-terminal DNA binding domain cause significant replication and repair defects in vivo (19) , but the function of the domain remains unknown. To characterize the DNA binding properties of the N-terminal binding domain, it must be isolated and examined in the absence of the C-terminal domain. However, since the C-terminal portion of the large subunit is required for RFC complex formation (16) , these initial studies cannot be performed in the context of the RFC complex.
This report details the DNA binding affinities of a 153 amino acid fragment from Drosophila RFC and a 555 N-terminal portion of human RFC containing the Box I DNA binding domains. We demonstrate that a 5′ phosphate residue is required for binding of this domain to duplex DNA, that the context of the phosphate residue plays a role in binding affinity, and that these activities have been evolutionarily conserved between flies and humans. The DNA binding properties of the N-terminal domain suggest a role in the recognition of non-primer-template DNA structures during replication and/or repair. 
MATERIALS AND METHODS

Reagents
All chemical and protein reagents were commercially obtained from Sigma Chemical Co., unless noted otherwise.
Cloning of the Drosophila large subunit of RFC
A Drosophila melanogaster cDNA expression library was screened using random primed labeled DNA as a probe (20) . A 702 bp cDNA encoding amino acids 162-396 of the large subunit of RFC (B-galRFC162-396) was obtained, sequenced, and used to obtain a full length cDNA of the large subunit. The sequence of the Drosophila full length large subunit was submitted to GenBank (accession number U97685).
Cloning of deletion constructs
An EcoRI-HindIII fragment from β-galRFC162-396 was ligated into the complementary sites of pMAL (New England BioLabs, NEB) to generate pmalRFC162-384. pmalRFC deletion constructs containing D.melanogaster lsRFC amino acids 162-314, 162-305, 185-314, 225-314 were constructed via PCR. pRSET162-314 and pRSET185-314 were produced by amplifying pmalRFC162-314 and pmalRFC185-314 with 5′ and 3′ flanking vector-specific primers, digesting with EcoRI and HindIII, and ligating the resulting products into the complementary sites of the pRSETB vector (Invitrogen). Plasmid DNA from each construct was obtained via PERFECT Prep (5Prime-3Prime, Inc.), and double-strand sequenced using dye-terminator chemistry on an ABI Prism 377 DNA Sequencer (Perkin Elmer) or Octamer Sequencing Technology (21) (22) (23) .
Oligonucleotides
DNA oligonucleotides purchased from Texas A&M University's Gene Technology Laboratory were electrophoresed through 6% denaturing polyacrylamide gels and visualized by UV shadowing. Full length oligonucleotides were identified, excised, eluted overnight at 37_C in oligo elution buffer (0.2 M Tris-HCl pH 7.5, 0.3 M NaCl, 25 mM EDTA, 2% SDS), phenol-chloroform extracted and ethanol precipitated. Purified oligonucleotides were resuspended in water and quantitated by spectrophotometric analysis. The sequences of oligonucleotides used in these studies are presented in Table 1 .
Oligonucleotide phosphorylation and structure purification
Ten pmol of purified oligonucleotide were 5′ phosphorylated with T4 polynucleotide kinase (New England BioLabs, Inc.) using 25 pmol of either [γ-32 P]ATP (6000 Ci/mmol New England Nuclear) or non-radiolabeled ATP (Gibco-BRL) as substrate. DNA structures were formed by combining equal molar amounts of complementary oligonucleotides, boiling for 5 min, and slow cooling to room temperature (overnight incubation). Non-radiolabeled structures were phenol-chloroform extracted, ethanol precipitated, and quantitated on ethidium bromide/agarose plates against DNA standards (24) . Radiolabeled DNA structures were electrophoresed through 8% non-denaturing polyacrylamide gels and exposed for 30 s to phosphor-imaging plates (Fuji). Gel areas containing the appropriately sized structures were excised, DNA was eluted overnight at 37_C in 1× SB (20 mM Tris-HCl pH 7.5, 1 mM EDTA, 10 mM MgCl 2 , 100 mM KCl) and stored at 4_C. Five µl of each eluted structure were added to 1 ml of liquid scintillation cocktail (Fisher) and quantified.
Protein expression, western and southwestern analysis
Fifty ml of LB-ampicillin (100 µg/ml) broth was inoculated with a single bacterial colony containing the desired pmalRFC construct, incubated at 37_C to an A 600 of 0.45, and induced in the presence of 0.3 mM IPTG. One ml aliquots were taken after 1 h post induction and centrifuged at 20 000 g for 2 min. Pellets were resuspended in 50 µl of lysis buffer (0.15 mM PMSF, 2 µg/ml aprotinin, 1% Triton X-100, 1× PBS) and 50 µl of 2× SDS loading dye (24) . Samples were boiled for 5 min and electrophoresed through 5% stacking/ 10% resolving SDS polyacrylamide gels with prestained protein molecular weight standards (Bio-Rad). Proteins were transferred onto nitrocellulose using a Bio-Rad semi-dry transblotter, and blots were blocked for 30 min with 1× SB containing 5% non-fat powdered milk (Carnation) and 1 mM DTT. Western analysis was performed as detailed in the Vectastain AP-substrate kit (Vector Labs) using a 1:10 000 dilution of anti-MBP (NEB) or 1:50 000 dilution of anti-Drosophila RFC Box I. For Southwestern analysis, blocked blots were washed 5 min with 1× SWB (1× SB, 0.1% milk and 1 mM DTT), and incubated overnight at 4_C with 1× 10 6 c.p.m./ml DNA probe in 1× SWB. Blots were washed three times for 10 min each in 1× SWB, and exposed (wet) for 20 min to phosphor-imaging plates. After imaging, blots were incubated with a 1:10 000 dilution of anti-MBP in 1× TBS and processed as described in the Vectastain AP-substrate kit. 
Affinity purification of RFC-NDB
Fifty ml of LB-Ampicillin (100 µg/ml) broth was inoculated with 2 ml of an overnight bacterial culture containing pRSET162-314 or pRSETB vector. Cultures were grown at 37_C to an OD 600 of 0.3 and IPTG was added to a final concentration of 1 mM. Cells were grown for an additional hour and induced by the addition of M13/T7 phage (5 p.f.u./cell). Purified protein was obtained as described in the Xpress System Protein Purification instruction manual (Invitrogen) under native conditions using imadizole gradients for elution of Ni 2+ bound proteins. Ten µl of each fraction were electrophoresed through SDS-PAGE gels, blotted onto nitrocellulose, and stained with colloidal gold. Fractions enriched for the fusion proteins were pooled and concentrated on 3 kDa MW cutoff concentrators (Amicon). To remove remaining high molecular weight contaminants, fusion proteins were processed through 100 kDa MW cutoff concentrators (Amicon). The concentration of each expression protein was determined by using the Bradford based Coomassie Protein Assay procedure (Pierce).
Expression and purification of human RFC p140C555
Clone pET16p140C555 was as described (16) . Escherichia coli BL21 (DE3) containing pET16p140C555 was grown in 500 ml LB medium containing 250 µg/ml ampicillin and 0.4% glucose at 37_C to OD 600 = 0.5 and induced by adding 0.4 mM IPTG for 1 h. Cells were harvested (2.3 g), washed, and resuspended in 10 ml lysis buffer (50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 10% sucrose, 0.6% Brij 58, 10 mM DTT and 0.2 mM PMSF). Cells were lysed by adding 1 mg/ml lysozyme on ice. The cleared cell extract was diluted 2-fold with buffer D 50 (25 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM EDTA, 0.01% NP-40, 10% glycerol, 2.5 mM DTT) and loaded onto an SP Sepharose column (Pharmacia). The column was developed with a NaCl gradient in buffer D 50 .
Fractions containing p140C555 (peak at 200 mM NaCl) were adjusted to 20 mM sodium phosphate (pH 7.5) and loaded onto a hydroxylapatite column, equilibrated with buffer P (20 mM sodium phosphate, pH 7.5, 200 mM NaCl, 0.1 mM EDTA, 2 mM DTT and 10% glycerol). The column was developed with a sodium phosphate gradient. Fractions containing p140C555 (peak at 190 mM sodium phosphate) were dialyzed against buffer D 50 and passed through a Q Sepharose column. The flow through fraction yielded 3.2 mg p140C555 of >95% purity as judged by SDS-PAGE analysis followed by Coomassie blue staining.
Electrophoretic gel mobility shift assays
Affinity purified proteins were added to 6 µl of 2× gel shift buffer (2× GSB: 20 mM HEPES pH 7.9, 8 mM MgCl 2 , 200 µM EDTA, 8 mM spermidine, 200 µg/ml BSA, 30% glycerol, 4 mM DTT, 8 µg/ml poly[d(I-C)]). Twelve fmol of radiolabeled, gel-purified DNA structure were added to this mixture, giving a final volume of 12 µl, and the reaction was incubated for 15 min on ice.
Reactions were directly loaded onto non-denaturing polyacrylamide (19 acrylamide:1 bis-acrylamide) gels and electrophoresed at 150 V for 15 min. Gels were dried for 10 min and exposed to phosphor-imaging plates for 20 min. When human proteins were used in gel shifts, 1 µg of single-stranded oligonucleotide 813 or oligonucleotide (G 3 T) 4 was added to the gel shift buffer before addition of protein and probe. All gel shift assays were performed a minimum of three times. Percent shifts were calculated from the phosphor-imaged gel as follows:
[(PSLs (complex) -PSLs (background)]/Total PSLs in lane × 100
where PSL represents the number of photo stimulatable units detected via the Fuji BAS1000 PhosphorImaging System in the shifted complex, minus the PSL contained in a representative background portion of the lane.
RESULTS
Identification of the Drosophila large subunit of RFC as a structure-dependent DNA binding protein
During an expression library screen of a D.melanogaster cDNA library we identified a DNA binding protein specific for DNA structure rather than sequence. This protein bound with high affinity to any random-prime radiolabeled sequence tested, as well as to end-labeled duplex and partial duplex DNAs (data not shown). DNA database searches identified the protein as encoding amino acids 162-396 of the Drosophila large subunit of RFC. The N-terminal region of the large subunit containing this DNA binding domain has been isolated several times from mice and humans due to its affinity for random-prime labeled probes, and has been shown to contain a duplex DNA binding activity (17, 18, (25) (26) (27) . It has been assumed that the structure-specific DNA binding property of this region within the large subunit reflects the specificity of the RFC complex for the 3′ end of a primed DNA template. However, our initial results contradicted this assumption, since the homologous region in Drosophila bound several types of DNAs including those with 5′ recessed ends. The differences between the DNA binding properties of the whole RFC complex and the smaller, N-terminal domain initially suggested that the large subunit, and this domain in particular, may play an additional role in DNA transactions by virtue of its affinity for non primer-template DNA structures. In order to evaluate this hypothesis, we mapped the location of the domain and further characterized its structure-dependent DNA binding properties.
Identification of the Drosophila, N-terminal, minimal DNA binding domain
In order to identify the borders of the DNA binding domain within RFC162-396, several N-terminal and C-terminal deletion constructs were generated, sequenced, expressed as fusion proteins in E.coli and assayed for their ability to bind DNA in southwestern assays. Crude lysates containing E.coli proteins and the expressed construct of interest were separated on SDS-PAGE, transferred to nitrocellulose membranes, and incubated with end-labeled duplex DNA (Fig. 1A) . To confirm the presence and to define the precise location of the fusion proteins on the blot, each blot was probed with antibody via western analysis (data not shown). All deletion constructs were assayed a minimum of five times in independent southwestern assays and each assay produced similar results. None of the deletion constructs bound singlestranded DNA, and only constructs containing amino acids 162-384 and 162-314 bound duplex DNA in southwestern and gel mobility shift assays ( Fig. 1 and data not shown) . Truncation of pmalRFC162-314 by either 23 amino acids at the N-terminus or 9 amino acids at the C-terminus eliminated DNA binding activity ( Fig. 1A and B) . Therefore, the minimal DNA binding 
Purification and gel mobility shift analysis of RFC-NDB
In order to more accurately quantify the relative DNA binding affinities of RFC-NDB, we developed an electrophoretic gel mobility shift assay. To obtain the pure protein required for this analysis, RFC-NDB was subcloned into the pRSET vector, sequenced, expressed as a histidine tagged fusion protein, and purified using nickel column chromatography. The histidine fusion protein tag alone was also induced, expressed, and purified from the pRSET vector without insert to provide a negative control for the gel mobility shift experiments. A binding curve for RFC-NDB:DNA complex formation was obtained by titration of purified RFC-NDB versus a constant amount of singly-phosphorylated, 59 bp duplex DNA (Fig. 2) . Interestingly, two RFC-NDB:DNA complexes are observed at the higher RFC-NDB concentrations. Since the DNA probes do not undergo structural changes after incubation with RFC-NDB and the formation of the slower migrating complex depends on the length of DNA duplex (data not shown), the slower migrating complex corresponds to two units of RFC-NDB binding to the 59 bp DNA probe.
Phosphate position and context influence complex formation
Competition experiments comparing circular plasmid DNAs with a variety of linear DNA duplexes suggested that the 5′ phosphate plays a significant role in RFC-NDB:DNA complex formation (data not shown). To directly test the requirement of a 5′ phosphate residue for complex formation, RFC-NDB binding to a series of single-stranded or partially duplex DNA substrates was analyzed (Fig. 3) . RFC-NDB did not form complexes with 5′ end-labeled, single-stranded DNA (Fig. 3A, lanes 2 and 4) , nor with a partial duplex DNA in which the 5′ phosphate terminus was single-stranded (Fig. 3A, lane 8) . However, RFC-NDB did form complexes if this identical partial duplex sequence contained a phosphate residue at its duplexed end (Fig. 3, lanes 6 and 10) . These results demonstrate that efficient binding of RFC-NDB to DNA requires the presence of a duplexed, 5′ phosphate.
Both gel mobility shift assays and southwestern assays demonstrate that Drosophila RFC162-384 is capable of weakly binding to a hairpin DNA containing a 3′ recessed, hydroxyl terminus (Fig. 3A, 'hp96′ series and data not shown) . To assay the ability of RFC-NDB to bind to a 5′ recessed phosphorylated terminus, a molecule of identical base order-but reversed strand polarity-was synthesized (Fig. 3A, 'Rev hp96′ ; Table 1 ). When hp96 and Rev-hp96 DNA derivatives were tested for complex formation with RFC-NDB in three independent gel mobility shift experiments, 12 $ 4% of the hp96 (containing a 3′ hydroxyl recessed end) was shifted, whereas 63 $ 8% of the Rev. hp96 DNA (containing a 5′ phosphorylated recessed end) was shifted (Fig. 3A, lanes 12 and 14) . These results indicate that a 5′ phosphate in the context of duplex DNA plays an important role in complex formation and, conversely, that a 3′ hydroxyl at a primer-template junction is not required for complex formation.
The human N-terminal half of the large subunit of RFC preferentially binds to phosphorylated DNA ends
To determine whether the DNA binding properties of Drosophila RFC-NDB extend to the homologous region within the human large subunit of RFC, we cloned, overexpressed, and assayed amino acids 332-484 of the human subunit. In southwestern assays the binding of the human fragment was indistinguishable from that of Drosophila RFC-NDB (data not shown). To extend these results, the N-terminal 555 amino acids from the human large subunit were cloned, overexpressed, purified, and assayed in gel mobility shift experiments. The human N-terminal DNA binding domain recognized the same structural elements for complex formation with duplex DNA as Drosophila RFC-NDB (Fig. 3B) . Furthermore, the position of the 5′ phosphate moiety affected complex formation with the human N-terminal domain to the same extent as was observed with the Drosophila RFC-NDB (Fig. 3C) .
DISCUSSION
To gain insight into the biological functions of the N-terminal DNA binding domain within the large subunit of RFC, we defined the borders of the domain and the DNA structural elements required for its binding. The work presented demonstrates that the Drosophila DNA binding region lies within a 153 amino acid fragment that contains the Box I DNA ligase homology domain. The N-terminal DNA binding domain has been mapped to a 111 amino acid fragment in humans (17) and a 181 amino acid fragment in mice (18) . It is not clear why the human domain is smaller than the Drosophila domain. However, consistent with our results, both the human and mouse DNA binding regions contain the Box I DNA ligase-homology domain.
Our work demonstrates that the element essential for recognition by this domain from Drosophila and humans is a duplexed DNA containing a 5′ phosphate residue. However, at high protein levels two units of RFC-NDB bind to singly-phosphorylated DNA (Fig. 2) . To account for these contradictory observations, we propose that RFC-NDB has a very low affinity for non-phosphorylated DNA ends and a high affinity for phosphorylated DNA ends. Taking these affinities into consideration, it becomes possible that RFC-NDB can be loaded onto both 5′ phosphorylated and 5′ hydroxylated DNA ends, but that it is stably bound to the DNA only when it encounters a phosphorylated end. If this is true, then the binding of one RFC-NDB to the phosphorylated end of a 59 bp duplex could provide a 'roadblock' which traps a second RFC-NDB binding with low affinity to the non-phosphorylated DNA end. This model is being investigated.
Additionally, the context in which the 5′ phosphorylated duplexed DNA is presented determines the efficiency of complex formation (Fig. 3) . Both RFC-NDB and the N-terminal human domain bind weakly to 3′ recessed primer-template DNAs in southwestern and gel shift assays, but both bind strongly to 5′ phosphorylated, recessed DNAs. The binding to the 5′ phosphorylated junction in Rev. hp96 is consistent with a requirement for phosphorylated DNA ends, and further demonstrates that a duplexed 3′ hydroxyl moiety is not required for binding by this domain. The weaker binding to hp96 may reflect a lower affinity for a duplexed DNA end with an internal, rather than an exposed, phosphate. Neither protein binds DNA substrates containing phosphorylated single-strands or duplexes lacking phosphorylated ends (Fig. 3) .
There is an indication that the RFC ligase-homology domain functions in repair and replication activities in vivo. Specifically, mutations within the yeast ligase-homology domain produce significant replication and repair defects (19) . However, this outcome may reflect the expression level of the mutant plasmid in those assays. Recent studies with the human large subunit have shown that the N-terminal half (amino acids 1-555) is dispensable for leading strand replication in vitro (16) . This same study identified a second DNA binding domain within the carboxyl region of the large subunit which can recognize the 3′ end of a primer-template junction and load PCNA. These results suggest that the N-terminal DNA binding domain is not required for RFC to load PCNA at primer ends, its critical function in replication. This N-terminal DNA-binding domain could, however, be a means by which RFC recognizes different DNA structures in other DNA transactions, either to load PCNA or to become part of a complex with other replication or repair proteins.
The evolutionarily conserved DNA binding properties of the N-terminal domain provide clues for a conserved function in the context of the RFC complex. We propose that the affinity for phosphorylated DNA ends reflects the functioning of this domain as an end recognition sensor. In this capacity, the domain would allow the RFC complex to recognize when it has reached a breach (nick, gap or break) in the DNA, the end of a chromosome, or perhaps the 5′ end of a previously synthesized and processed Okazaki fragment.
